2009). Liquid-liquid miscibility and volumetric properties of aqueous solutions of ionic liquids as a function of temperature. a b s t r a c t
Introduction
Ionic liquids (ILs) are considered as alternative media for a more sustainable chemical industry. Due to its specific properties and variety, this new class of liquids has received significant attention from research groups and industry for a range of novel applications including multiphasic catalysis and synthesis [1] [2] [3] [4] , separations [5] [6] [7] , electrochemistry [8] [9] [10] , lubrication [11] , heat transfer [12] , and analysis [13] . The generalised use of these new compounds needs an accurate knowledge of their physico-chemical properties both when pure and when they are mixed with molecular compounds, a probable scenario when ILs are considered as media to perform chemical reactions or implement new chemical processes.
The study of the physical chemistry of ionic liquids is crucial from a technological point of view but it also provides a better understanding of the mechanisms involved when using these new media. Given the huge number of possible combinations of anion and cation to form new ionic liquids [14] , the experimental determination of the properties of all the ILs is not possible. Under these conditions, a better understanding of their physicochemical behaviour is necessary to predict their properties or at the very least provide general trends to enable rational use of this media. In other words, their unique potential can be linked to the development of predictive methods and/or computation researches [15, 6, [17] [18] [19] [20] . For pure ILs, their properties are becoming increasingly available from both experimental and theoretical studies with the modeling and interpretation thereof being understood using molecular simulation tools. Even if accurate data are not always available, tendencies associated with, for example, the effect of changing the anion, the cation, presence of an aromatic cycle, length of the alkyl chain on the cation ring can generally be given. To date, only a relative small number of studies are available in the literature concerning the properties of binary systems composed of an IL and a molecular solvent.
In particular, only few data are available on the {IL + molecular component} (liquid + liquid) equilibria as a function of the temperature. Freire et al. [21] [22] [23] have reported the mutual miscibility of a bis(trifluoromethylsulfonyl)imide ([NTf 2 ] À ) based IL with water, using Karl-Fischer titration, on the temperature ranging from (288.15 to 318.15) K. The (liquid + liquid) equilibrium of the binary mixture {[C 1 C 4 Im][PF 6 ] + water} is very well described as a function of the temperature and pressure in the literature [21, [24] [25] [26] [27] . This system was measured in the present study in order to quantify the uncertainty of the data presented, herein.
A closer analysis of the literature indicates that data on the volumetric properties of binary systems composed of an IL and water have only been published for hydrophilic ILs, for example 1-butyl-3-methylimidazolium tetrafluoroborate ( [34] . The excess molar volumes calculated for all these systems are small compared with the molar volumes of the pure components (less than 1 cm 3 Á mol À1 ), even less than 0.5 cm 3 Á mol À1 for [C 1 . As a consequence, for practical purposes, the volumetric behaviour of these binary systems can be considered as ideal. Nevertheless, a more subtle analysis can provide pertinent information on the behaviour of these systems.
Asymmetric curves of the excess molar volume as a function of the composition are usually obtained for the aqueous solutions of IL which can be explained by the large molar volume difference between the two components. The maximum is generally observed in the water-rich region. However, for aqueous solutions of [C 1 C 2 Im][OTf] [34] at 278 K, the maximum excess molar volume is obtained for a water mole fraction of 0.1 while at 348 K it is displaced into the water-rich region. The sign of the excess molar volumes and shape of the curve excess molar volume as a function of composition is mainly dependant on the anion of the IL [34] 4 ], maximum excess molar volumes of 0.5 cm 3 Á mol À1 at 318 K are obtained. The [OTf] À based ionic liquids also leads to positive deviations from ideality, in general. For example, the system {[C 1 C 2 Im][OTf] + water} [33, 34] exhibits positive values for the excess molar volumes except at the lowest temperatures considered (278 to 298) K where negative values were calculated in the water-rich composition and positive values were calculated in the IL-rich composition, i.e. an S-shaped curve for the excess volume as a function of composition was found. Gomez et al. [37] studied ionic liquids based on the Cl À anion also observed an S-shaped curve for the excess molar volumes as a function of the composition for the [37] or when on replacing the hydrogen at the C(2) position on the imidazolium ring with a methyl group, for example comparing {[C 1 C 4 Im][BF 4 ] + water} and {[C 1 C 1 C 4 Im][BF 4 ] + water mixtures} [28] . However, the presence of a pyridinium cation instead of an imidazolium cation slightly decreases the excess molar volume. At 298 K, the excess molar volume of the system {[C 1 C 4 Im][BF 4 ] + water} presents a maximum of 0.48 for x IL = 0.45 [29] , while Ortega et al. [36] have measured an excess molar volume of 0.42 for x IL = 0.49 for the system Prior to the study the volumetric properties, the phase behaviour of the binary systems containing hydrophobic ILs was investigated in order to determine their mutual solubility with water. A nephelometric method [41, 42] was used to detect cloud points. The volumetric properties are then investigated for IL mole fractions where only one liquid phase is observed. Excess molar volumes, defined as the difference between the actual molar volume of the mixture and that of an ideal solution at the same temperature, pressure, and composition, represent the deviation from the ideal behaviour of the mixtures. These values were calculated for all the {IL + water} mixtures from density measurements performed at atmospheric pressure as a function of temperature between (293 and 343) K at 5 K intervals and of the composition of the liquid mixture. In each case at least eight compositions for each binary system were examined.
Experimental

Materials
[NTf 2 ] À based ILs were prepared in house from the appropriate bromide salt using the procedure described by Bonhôte et al. [43] [C 1 Prior to use, the halide and water contents of the ILs were determined. The chloride content was measured using suppressed ion chromatography (IC) [45] . The lithium content of the samples prepared from the lithium salt, was determined by inductively coupled plasma analysis (ICP) and the water concentration on the samples was determined before and after measurements by Coulometric Karl-Fischer titration using a Mettler Toledo DL32 titrator. The source, molar mass, halide, lithium, and water content of the ILs considered in this study, after drying under a pressure of 1 Pa at temperature 323.15 K for 15 h, are summarised in table 1.
(Liquid + liquid) miscibility
The (liquid + liquid) miscibility gap was measured using a standard nephelometric method [41, 42] . In this technique, the miscibility gap is determined by finding the temperature at which a phase change occurs in a mixture of hydrophobic IL and triply distilled water of known composition (gravimetrically determined). Prior to use, the water was first degassed and then introduced by gravity under its vapor pressure into a Schlenk tube containing the pure and dried ionic liquid. The relative uncertainty on the mass fraction is estimated to be less than 2 Á 10 À4 . All binary mixtures were placed in a thermostated equilibrium cell and brought to a temperature at which the mixture became homogeneous. Cloud point temperatures were visually determined by decreasing the temperature until the first droplet of the second phase appeared. By increasing the temperature, the clear-point temperature, i.e. temperature at which the mixture becomes entirely homogeneous, is determined in order to quantify the difference in the read-outs, which roughly characterizes the precision of the measurement. For measuring the temperature a 100 X platinum resistance thermometer (precision of ±0.05 K and accuracy of ±0.1 K) was used. Based on a statistical analysis of the present data, the uncertainty on the cloud-point is estimated as 0.5 K.
Preparation of the {IL + water} mixtures
After treating the ILs for 15 h at 323 K under vacuum (1 Pa), the samples were considered to be degassed and dry and were stored under a nitrogen atmosphere. Water was triply distilled and degassed by melting-freezing cycles while vacuum pumping noncondensable gases. The liquid mixtures {[C 1 C 4 Im][BF 4 ] + water} and {[C 1 C 2 Im][EtSO 4 ] + water} were prepared by mixing known quantities of IL and water in a syringe equipped with a Luer lock valve, to avoid any contact of the sample with atmosphere. The mixtures of a hydrophobic IL with water were prepared by saturating the treated IL with water until a second aqueous phase appeared and then putting this biphasic sample under vacuum to remove part of the water. Depending on the time under vacuum, different compositions were obtained. For all the mixtures, the water content was determined by coulometric Karl-Fischer titration using a Mettler Toledo DL32 titrator. The estimated uncertainty on the mole fraction composition of the mixture is less than 0.5%.
Determination of the molar volumes
The molar volume of the pure components and of the mixtures were calculated as a function of temperature from density measurements performed at atmospheric pressure between (293 and 343) K at 5 K intervals. All the density measurements were performed using a U-shape vibrating tube densimeter (Anton Paar, model DMA 512 P located at UBP, Clermont-Ferrand and Anton Paar, model 4500 located at QUB, Belfast) operating in a static mode. In both cases, temperatures were maintained to within ± 0.01 K as described in our previous papers [15] . The effect of the viscosity on the density measurement was taken into account. 6 ], which is the most viscous considered IL in this study (at 298 K, g = 276 cP) [46] , the correction [47] [48] [49] affects the density by less than 0.1%. Hence, this correction was not considered in this work. The repeatability of the density measurements is 10 À4 g Á cm À3 . The results have an uncertainty [50, 51] of 10 À3 g Á cm À3 . The compatibility of the two densimeters used in this work was checked using statistical methods (test of statistical hypothesis, comparison of two means) [52] . [C 1 C 2 Im][NTf 2 ], whose density was measured with both densimeters [15] , was considered for these statistical tests.
From the density of the mixtures as a function of composition and that of the pure components, it is possible to calculate the excess molar volume, V E m , of the mixtures by [53] V
where V mix m is the molar volume of the mixture, x i the mole fraction of component i with molar mass M i , and density q i .
The partial molar volume of each component of the mixture is defined as [53] :
The partial molar volume can be thought of as the incremental volume obtained by adding a small amount of component i to an infinite sample of the mixture. The partial molar volume is not necessarily the same as the molar volume of the pure component as it depends on how the molecules interact and structure rearrange in the mixture. (V m,i ) can be calculated by equation (3) [53]:
3. Results and discussion (Liquid + liquid) equilibrium data obtained in this work are summarised in table 2 and shown in figure 1. In agreement with previously reported data [23] [24] [25] [26] [27] , the solubility of water is found to be higher in [C 1 Table 3 summarises the results for the density as a function of temperature between (293 and 343) K, for the pure ILs and for the mixtures {IL + water}. In table 4 the excess molar volumes for all the ILs studied, as a function of composition and temperature, calculated using equation (1) are shown. The excess molar volumes were correlated, at each temperature, as a function of composition by a Redlich-Kister-type equation:
The coefficients A, B, and C are presented in table 5. Figure 3 presents the variation of the excess molar volumes as a function of the composition at 298 K. Small excess volumes (less than 0.5 cm 3 Á mol À1 at 298 K) are obtained compared with the molar volumes of the pure components (less than 0.3% of the molar volume of the pure IL). For all the systems studied, with the exception of [C 1 C 2 Im][EtSO 4 ], positive excess molar volumes were calculated. Negative deviations from ideality due to the presence of the ethylsulfate anion have also been reported in literature [34, 39] . For the two highest temperatures studied for water-rich mixtures, slightly positive excess molar volumes are measured. This behaviour has also been already observed in literature [34, 39] . This may be due to the dissociation of the ion pairs forming the ILs due to the strong hydrogen bonding accepting ability of the anion [39] . For all the other ILs, no significant differences are observed in the excess molar volumes. In particular, no effect of the anion is discernable. For all the systems presenting positive excess molar volumes, similar increases in the excess volume with composition are observed until a maximum is reached for a mole fraction of water around 0.2 for the five systems containing hydrophobic ILs and for equimolar composition (x w = 0.55) in the case of 6 ], the decrease of the excess molar volume and the fact that excess molar volume is equal to zero for pure components, indicates that we would observe an S-shape if the two components were fully miscible. An increase of the non-ideality of all the systems is observed as temperature increases.
The volumetric properties of mixtures composed of water and of an IL fully miscible with water have been studied by a number of researchers. This data has been compared with the results presented, herein, to estimate the accuracy of the data in the present [29] deviate from our experimental data by less than 5% (average deviation 1.5%). The excess molar volumes measured by Malham et al. [28] are systematically lower than the data measured in the present work (deviations lower than 10% at water mole fraction higher than 0.5 and deviations between 20% and 40% for the water mole fractions lower than 0.5). The experimental data of Liu et al. [54] is not coherent with the previous series of data. Therein, negative excess molar volumes for water mole fraction between 0.4 and 0.6 were observed. In addition, the work of Zhang et al. [55] with excess molar volumes between (3 and 8) cm 3 Á mol À1 was not considered in this comparison.
For {[C 1 C 2 Im][EtSO 4 ] + water}, the values of Rodriguez and Brennecke [34] deviate from our experimental data by less than 5%, except at the extreme mole fractions of water or IL where the excess molar volumes are close to zero. Our data are systematically lower than those presented by Gomez et al. [39] (average deviation 25%) and higher than those presented by Lu et al. [56] and Yang et al. [57] (average deviation 45%). Finally the experimental excess (4), used to fit the experimental excess molar volumes from table 4 as a function of the composition and temperature along with the per cent average absolute deviation of the fit (AAD). [58] are not coherent with the previous sets of data (positive values). These relatively high deviations are likely to be due to errors in the composition of the mixtures studied as the two components have very different volatilities.
In figure 6 are presented the partial molar volumes of water in the different ILs at x w = 0.2 and T = 298 K, calculated using equation (3) . They can be compared with the molar volume of pure water at the same temperature (18.064 cm 3 Á mol À1 ) [59] . The partial molar volume of water in the two hydrophilic ILs, [C 1 C 2 Im][C 2 SO 4 ] and [C 1 C 4 Im][BF 4 ], is very different. In the first case, it is lower than the molar volume of pure water and in the second it is significantly higher. This behaviour is in direct relation with the excess volumes determined for these two ILs which are completely miscible with water: {[C 1 C 2 Im][EtSO 4 ] + water} and {[C 1 C 4 Im][BF 4 ] + water} have negative and positive excess volumes, respectively. Just by analysing their volumetric behaviour no conclusions can be drawn on the molecular interactions involved in these mixtures. In fact, the partial molar volume of water is proportional to the variation of its activity coefficient with pressure [60] and enthalpic information is necessary to provide information about the behaviour with tem-perature of the Gibbs free energy and so have the necessary information to fully interpret the behaviour of these mixtures at a molecular level. As the molar volume of the ILs studied is much larger than that of water, the variations of their partial molar volumes in the mixtures are much less perceptible.
For the hydrophobic ILs, the partial molar volume of water is similar in all the mixtures studied, showing the highest value in the mixture with [N 4111 ][NTf 2 ] and the lowest value with [C 1 C 4 Pyrro][NTf 2 ]. This behaviour for the partial molar volume of water is compatible with the positive excess volumes measured for the mixtures at this temperature and composition. The more positive excess molar volumes values do not correspond to the larger partial molar volumes of water, as [C 1 C 4 Im][PF 6 ] has the larger positive value for the excess volume and not water does not have the larger partial molar volume in this mixture.
Conclusions
The phase behaviour and volumetric properties of several {water + IL} binary mixtures were studied as a function of temperature from (288 to 318) K. For the two ILs fully miscible with water, a comparison with literature was possible. The study of the volumetric properties of aqueous mixtures containing a hydrophobic IL constitutes an original work. For all the systems, small excess molar volumes (less than 0.5 cm 3 Á mol À1 at 298 K) are obtained compared to the molar volumes of the pure components (less than 0.3% of the molar volume of the pure IL). For all the systems studied, with the exception of [C 1 C 2 Im][EtSO 4 ], positive excess molar volumes were calculated. No significant effect on the volumetric properties was observed when changing the anion or the cation of the IL. Finally, an increase of the non-ideality is observed for all the systems as temperature increases.
